ADVANCES in arterial reconstructive surgery have recently been applied to the management of renovascular hypertension. The primary advantage of arterial surgery over nephrectomy is the conservation of functioning kidney mass. Although numerous reports have appeared describing surgical technics in detail and their effectiveness in alleviating hypertension, knowledge of resultant changes in renal function is still rather limited.
The present study was undertaken to assess the effect of renal revascularization on kidney function and to correlate the renal functional changes produced by surgery with responses in blood pressure. These goals were accomplished by an analysis of observations made in this institution and those reported in the literature.
Materials and Methods
Fifty-three patients with renal arterial hypertension, in whom kidney function was evaluated before and after renal vascular surgery, were included in this study. The patients ranged in age from 12 to 63 years. Thirty-six had unilateral renal artery disease; 17, bilateral. Three of the patients had been subjected to nephrectomy previously. All of the patients with a unilateral arterial lesion underwent reconstruction of the involved renal artery. Of the 17 patients with bilateral disease, eight were treated by bilateral revascularization and nine by unilateral arterial repair, combined in one with contralateral nephrectomy. Data relating to the combined function of both kidneys, hereafter referred to as total renal function, were available in 33 patients ( 
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relating to the separate function of the two kidneys, referred to as differential renal function. were available in 40 patients (table 2) .
Total Renal Function
Studies of total renal function were performed before and from 2 days to 2 years postoperatively. In 13 patients renal function was assessed by determination of blood urea nitrogen and serum or plasma creatinine. Ten of these patients were azotemic; in 2 of the 3 patients wilthout nitrogen retention, results of other tests, such as phenolsulfonphthalein excretion and urea clearance, were available. In 20 other patients, glomerular filtration rate was measured by inulin, mannitol, or endogenous creatinine clearance. Renal blood flow was calculated from renal plasma flow, determined by sodium paraaminohippurate (PAH) clearance, and the hematocrit in three cases.
Differential Renal Function
Differential renal function studies were performed before and from a fewv days to 3 years following surgery. The studies were carried oult under varying conditions, i.e., water diuresis,18 osmotic diuresis with mannitol,'9 or urea-saline loading.7 The functions measured included urine flow and sodium concentraition in nearly all patients, urine osmolality and renal hemodynamics in many. Glomerular filtration rate and renal blood flow were determined as described above.
Changes in the various measurements of total and differential renal function from before to after surgery were analyzed for statistical significance by the paired comparison t test.2'0
Relationship between Effects of Surgery on Hypertension and Renal Function
The effects of revascularization on hypertensioni were assessed by means of criteria similar to those of Baker et al.2' Hypertension was considered "cured" if the diastolic blood pressure was 90 mm. Hg or less, "improved" if the diastolic pressure was generally lower than preoperative levels or there was regression of signs of hypertensive cardiovascular disease, and "unimproved" if the diastolic pressure was unchanged and there was no regression of hypertensive cardiovascular disease. Whenever possible, more than one blood pressure reading was uitilized. In many cases, however, only a single postoperative blood pressure was reported. Blood pressure data before and after surgery were available for 39 of the 53 patients: 22 were cured of hypertension, nine improved, and eight unimproved. Of the last group, two were normotensive for shoit periods postoperatively and two others were subsequently cured by nephrectomy.
To facilitate analysis of the renal function data, patients were assigned to one of three blood pressure groups according to the criteria outlined above. Two patients (cases 33 and 52) were placed in more than one group, because function studies were performed under varying conditions postoperatively, initially when hypertension was unimproved, and later when normotension was achieved. Another patient (case 46) was classified as "cured," because the blood pressure was normal when renal function studies were carried out, although hypertension returned later.
For each measurement of total renal function, the differences between the results before and after surgery were compared between the three blood pressure groups by means of the group comparison t test.20 Differential renal function was analyzed by comparing the ratio of function of the revascularized kidney to that of the contralateral kidney before and after surgery. The change in this ratio in each of the three blood pressure groups was then subjected to t-test analysis by the method of paired comparisons. Finally, the three groups were compared with each other by means of the group comparison t test to determine whether there were any significant differences in the ratio changes effected by surgery.
Results

Total Renal Function
Renal revascularization resulted in a significant reduction in blood urea nitrogen and serum creatinine levels (p < 0.01). Preoperative blood urea nitrogen levels averaged 51 mg. per 100 ml. in 13 patients with a decrease after surgery to a mean of 22 mg. The mean serum creatinine level before surgery in eight patients was 3.8 mg. per 100 ml. with a fall postoperatively to a mean value of 2.2 mg.
Glomerular filtration rate did not change significantly (p > 0.05 for 20 patients). In the majority of these patients glomerular filtration rate was within normal limits preoperatively.
Renal blood flow increased from a mean of 680 ml. per minute before surgery to an average of 892 ml. per minute after surgery in three patients. The difference, however, was not statistically significant. Glomerular tion rate and renal blood flow, measured serially in two patients (cases 16 and 32) after revascularization, decreased in the early postoperative period, but increased to levels equal to or greater than preoperative values later.
Correlation between Changes in Total Renal Function and Blood Pressure
The changes in blood urea nitrogen, serum creatinine, and glomerular filtration rate in response to revascularization did not differ significantly between the three blood pressure groups (cured, improved, and unimproved) (tables 3 and 4). All three patients with determinations of renal blood flow (RBF) were cured of hypertension after surgery. These results, limited by a sparsity of observations in patients with hypertension unresponsive to revascularization, suggest that the effects of surgery on renal function are independent of changes in blood pressure, but are more closely related to preoperative functional status.
Differential Renal Function Glomerular Filtration Rate (GFR)
GFR was measured preoperatively in 26 patients. In one additional patient, urea clearance was determined. GFR in the involved kidney was usually depressed, being less than 40 ml. per minute in 15 patients, including four with bilateral renal artery disease. GFR in the contralateral kidney always exceeded that in the involved kidney. In eight patients with unilateral arterial lesions, the contralateral GFR was above 80 ml. per minute, and in another five patients, above 70 ml. per minute. In two of three patients with bilateral arterial disease, GFR was 70 ml. per minute or more in one kidney. The degree of elevation of GFR in the contralateral kidney did Circulation. Volume XXIX, Ma} cli 1964 After 15 384 A not appear to be related to the degree of its depression in the ischemic kidney. The difference in GFR between the two kidneys for the whole group ranged from 16 to 100 per cent.
Following surgery, GFR increased significantly in the revascularized kidney (mean 17.2 ml. per minute, p<0.01 for 23 cases) and decreased significantly contralaterally (mean 19.3 ml. per minute, p<0.01 for 21 cases). In three additional patients, GFR was expressed as a ratio between the two kidneys and absolute vJalues were not reported. In two, there was no relative increase in GFR in the revascularized kidney, while in the third patient, a previously nonfunctioning kidney developed a greater urea clearance than its mate. The preoperative disparity in GFR between the kidneys was abolished in most instances by surgery, and in four cases GFR in the revascularized kidney actually exceeded that in the contralateral organ. This was attributed to contralateral renal arterial disease in two patients and to contralateral nephrosclerosis in the other two patients.
Renal Blood Flow (RBF)
RBF was measured in 12 patients before surgery. In nine patients, it was below 400 ml. in the kidney with an arterial lesion. RBF to the contralateral kidney was greater than 400 ml. per minute in nine patients, including one with bilateral arterial disease. The difference in RBF between the two kidneys, determined in six cases, ranged from 21 to 76 per cent.
Revascularization effected a significant increase in RBF of the involved kidney (p < 0.02 for eight cases) and a significant decrease in RBF to the contralateral kidney (p < 0.02 for six cases). The mean decrease in contralateral RBF of 188 ml. per minute was not significantly greater than the mean increase in RBF to the involved kidney of 152 ml. per minute. The ratio of revascularized to contralateral kidney RBF increased substantially in two of three cases following surgery. In one of these patients, RBF in the revascularized kidney was 27 per cent greater than that in the contralateral kidney. Separate RBF measured postoperatively only in three additional patients was at least 25 per cent less in the revascularized than in the contralateral kidney.
Urine Flow (V)
Differential V was reported preoperatively in 21 patients. V from the ischemic kidney was from 50 to 96 per cent less than that from the contralateral kidney in 20 cases, including five with bilateral arterial lesions. In the remaining patient with bilateral renal artery disease, V on one side was 27 per cent less than on the opposite side. After surgery, differential V was measured in 18 patients. V of the twvo kidneys was equal in five cases. The output of the ischemic kidney became greater than that of the contralateral kidney by at least 20 per cent in seven patients. In one patient with bilateral disease, in whom revascularization was performed on the side with greater V, the difference between the two kidneys was magnified after surgery. The preoperative difference in V was reduced, but not abolished in two, and unchanged in three patients.
Urine Sodium Concentration (UY.)
Preoperative UNa was determined in 25 patients. UN1 of the ischemic kidney was from 15 to 93 per cent less than that of the contralateral kidney in 22 patients, including seven with bilateral disease. The difference in UN1 between the kidneys was less than 15 per cent in the remaining three patients, two of whom had bilateral arterial lesions.
After surgery, UNa was measured in 24 patients. UNX, of the two kidneys was almost equal in nine patients. In 13 patients, UN,a in the revascularized kidney was at least 21 per cent greater than that of the contralateral kidney. In one patient with unilateral renal artery disease, the disparity in UN,, between the kidneys was widened after surgery. In the remaining patient with bilateral renal artery disease (case 52), UNa was determined on three occasions. After unilateral arterial reconstruction, UN, became markedly less on the contralateral side. Following repair of the contralateral artery, U-X, of both kidneys was equal, but a significant disparity again appeared about a year later with return of hy-pertension and signs of recurrent unilateral renal artery stenosis. Urine Osnzolality (U0,,,,) Separate U0,,,, was measured in nine patients before surgery under conditions of urea or mannitol loading. U0,,, of the ischemic kidney was from 21 to 85 per cent greater than that of the contralateral kidney in six patients, including one with bilateral disease. In the three other patients, two with bilateral arterial lesions, Uo,111 of the two kidneys was about equal.
After surgery, Uo,,,, was determined in 10 patients. In five, U(,,,, of both kidneys was equal; in two, U01,, of the revascularized kidney was at least 10 per cent lower than that of the contralateral kidney, while it remained elevated in two patients. In the remaining patient with no difference before surgery, U0s,1,, was 10 per cent greater in one kidney followving bilateral revascularization.
Urine Creatinine, Inulin, ozr Mlannitol Concentration (USod) Us,n was determined before surgery in 14 patients. In all but one, Us,, of the ischemic kidney was increased 37 to 480 per cent over that of the contralateral kidney. The sole exception was a patient with bilateral renal arterial disease.
After surgery, Us,1 was measured in 15 patients. In one, the preoperative results were unchanged; in nine, Us,, of both kidneys became equal while in five, it fell to levels at least 20 per cent below those of the contralateral kidney.
Howard Test 8 This was carried out in 12 patients before surgery. In addition, the data obtained in nine studies performed under osmotic loading were tested for significance by the Howard criteria.
A positive test, i.e., 50-per cent reduction in urinary volume and 15-per cent decrease in UTx on the same side, was observed in 18 patients, including five with bilateral arterial disease. A negative test was found in three patients, two of whom had bilateral disease. Analysis of the data reveals that the conditions of diuresis did not affect the results, since seven of the 18 positive tests were obtained under osmotic diuresis and one of the three negative tests under water diuresis (p > 0.05 by chi-square analysis). After surgery, the Howard test was negative in 15 of 19 patients studied. The test was positive, pointing to contralateral ischemia in three patients, two of whom were known to have bilateral renal artery disease before surgery. The test changed from negative to positive after surgery in the other patient who had a unilateral lesion.
Tubular Rejection Fraction Ratio of Sodium (TRFR Na)
This ratio devised by Rapoport15 was calculated according to the formula: TRFR Na IUNa revascularized kidney X UNa contralateral kidney Us,, contralateral kidney Us301 revascularized kidney The original formula was modified, so that whether right or left kidney was involved an abnormal result would be represented by a Circulation, Volume XXIX, March 1964 value of less than 0.6. Before surgery, TRFR Na was abnormal in 15 patients, including one with bilateral arterial lesions. It was within normal limits, i.e., 0.6 to 1.6, in three patients, two of whom had bilateral disease.
After surgery, TRFR Na was estimated in 19 patients. It remained abnormally low in one patient, returned to normal in 10, and increased in eight cases to values above 1.6, suggesting contralateral renal arterial disease. Only one of the latter eight patients had evidence of a contralateral arterial lesion.
Correlation between Effects of Surgery on Differential Renal Function and Blood Pressure
The data are analyzed in tables 5 through 8. Renal arterial reconstruction produced statistically significant changes in the ratio of revascularized kidney function to contralateral kidney function. GFR, V, UNa ratios, and TRFR Na increased in the cured and improved patients, but not in those unimproved after surgery, while Us01 ratio decreased significantly in both the cured and unimproved patients. Significant change in the Howard test occurred only when hypertension was cured after surgery. U0sm ratio was reduced in 18 all groups by surgery, but the results did not attain statistical significance due to the small number of observations. Significant functional differences between the three blood pressure groups in response to revascularization were found only in relation to GFR, V, and the Howard test. Cured patients showed a greater increase in GFR ratio than unimproved patients. The increment in V ratio of the improved group was significantly greater than that in the cured group, due to the presence of a renal arterial lesion in the contralateral kidney in two of the five improved patients. Finally, cured patients showed a significantly greater reversion of the Howard test to a negative result postoperatively than the other two patient groups.
Discussion
Renal revascularization effected significant improvement in kidney function and amelioration of hypertension. The conditions under which functional improvement occurred and the relationship between changes in function and blood pressure require definition. When total renal function was impaired by renal arterial disease, revascularization generally resulted in improvement of kidney function; in contrast, when total kidney function was unimpaired, arterial reconstruction yielded no over-all functional benefit. This does not imply that separate kidney function was unchanged. The present study demonstrates that improvement in total renal function was not essential for lowering of blood pressure. On the other hand, reported observations 22' 23 of increases in renal blood flow and glomerular filtration rate after unilateral nephrectomy for renal hypertension suggest that functional improvement after surgery is conditioned on successful reduction in blood pressure. The paucity of data in patients with hypertension unimproved after surgery prevents adequate evaluation of this hypothesis. Further studies of renal function in these patients are necessary.
Changes in differential renal function appeared to be more closely related to responses in blood pressure after surgery. When revascularization was successful in reducing blood Circelation, Volume XXIX, March 1 964 pressure, renal blood flow and glomerular filtration rate increased significantly in the revascularized kidney. These increases were counterbalanced by decreases of similar magnitude in the contralateral kidney, thereby abolishing the preoperative disparity in function between two kidneys. Total renal function, therefore, remained unchanged. When revascularization failed to lower blood pressure, the renal hemodynamic changes did not occur. Considerable disparity in function between the two kidneys remained owing to persistent ischemia of the revascularized organ or the unmasking of contralateral renal arterial disease.
The contralateral uninvolved kidney has been shown both experimentally and clinically to be adversely affected in renal arterial disease. [24] [25] [26] [27] In the present study, impairment of contralateral kidney function was observed in only two patients following revascularization (cases 16 and 49). In the vast majority of cases contralateral function was well preserved. As a matter of fact, the revascularized kidney was frequently functionally abnormal. In sharp contrast to its inordinate reabsorption of sodium and water preoperatively, the revascularized kidney often failed to conserve salt and water normally postoperatively. This defect in function of the revascularized kidney was independent of the blood pressure response to arterial surgery and occurred in both cured and unimproved patients. In the immediate postoperative period, profuse natriuresis and diuresis have been reported, resulting in serious electrolyte and fluid depletion.298 Later, clinical difficulties have not been en-countered although excessive sodium and water excretion might continue. Nevertheless, the diagnostic accuracy of split-function studies after surgery is undermined. The tubular rejection fraction ratio of sodium (TRFR Na) is especially vulnerable to error, 15 but the Howard test suffers as well. This point is well illustrated by one of our patients (case 28). Following unilateral renal arterial reconstruction, hypertension was unimproved. Split-function studies performed after ureasaline loading were negative according to the criteria of Howard l1 and Stameyj7 while TRFR Na indicated contralateral renal arterial disease. Aortography disclosed recurrent stenosis of the endarterectomized vessel. The pathogenesis of excessive salt and water excretion by the revascularized kidney is not clear. It may be the consequence of ischemic atrophy of entire nephrons with resultant osmotic diuresis or of selective tubular injury with diminished reabsorption by damaged tubules.8 Both of these mechanisms are predicated on an increase in glomerular filtration rate after surgery. Analysis of the present data reveals that significant salt and water loss by the revascularized kidney occurred at times with little or no change in glomerular filtration rate. The most striking changes took place in one patient (case 28), who showed only a small increment in creatinine clearance from 10.3 to 13.9 ml. per minute in the revascularized kidney. Under osmotic diuresis, sodium excretion increased from 4 per cent of filtered load before surgery to 29 per cent afterwards, and water excretion, from 9 to 35 per cent. Altered renal hemodynamics after revascularization may be the underlying mechanism. Thus, an increased renal perfusion pressure, as shown by Selkurt in the dog,29 or intrarenal blood flow redistribution with changes in peritubular blood flow, may be responsible for the observed excessive natriuresis and diuresis.
Summary
Kidney function was evaluated in 53 patients with renal arterial hypertension before and after renal revascularization and was correlated with changes in blood pressure. Data were derived from an analysis of personal observations and of findings reported by others.
Revascularization produced a significant decrease in blood urea nitrogen and serum creatinine in 13 azotemic patients. It did not significantly affect glomerular filtration rate when normal in 20 patients, but caused a rise in renal blood flow in three patients. Improvement in renal function was more closely correlated with preoperative functional status than with cure of hypertension.
Glomerular filtration rate and renal blood flow increased significantly in the revascularized kidney, but decreased in the contralateral kidney. Urine flow and sodium concentration Circulation, Volume XXIX, March 1964 in the revascularized kidney rose to levels equal to, or greater than, those in the contralateral kidney. The preoperative disparity in urine osmolality between kidneys was narrowed, whereas the concentration of nonresorbable urine solute became equal to, or lower than, that of its mate postoperatively. In most cases, the Hloward test reverted to negative. The tubular rejection fraction ratio of sodium became normal or suggested contralateral renal arterial disease. The only functional differences between patients whose hypertension was cured and those whose blood pressure failed to respond to revascularization related to glomerular filtration rate and the Howard test.
Impairment of function of the contralateral uninvolved kidney was rarely observed after surgery. The revascularized kidney frequently exhibited excessive natriuresis and diuresis, independent of changes in systemic blood pressure or glomerular filtration rate.
